The adsorption of the water-soluble Reactive dye Brilliant Blue X-BR onto three different types of resins was investigated. The study focused on the static equilibrium adsorption behaviours and other factors influencing the adsorption process. The three resins exhibited different adsorption behaviours and mechanisms for the adsorption of X-BR from aqueous solution. The adsorption isotherms associated with the acrylic ester resin YWB-50 could be well fitted by the Langmuir equation, while those of the resins NDA-150 and D-301 could be well fitted by the Freundlich equation. The adsorption dynamics and desorption process were also investigated as a means of further exploring the difference between the adsorption behaviours and mechanisms on the three resin types.
INTRODUCTION
Reactive dyes are the largest single group of dyes used in the textile industry. Since they are highly water-soluble, it is estimated that 10-20% of Reactive dyes remain in the wastewater during the production process (Koprivanac et al. 2000) and ca. 50% of Reactive dyes might be lost to the effluent during the dyeing processes of cellulose fibres (Netpradit et al. 2004) . Although not particularly toxic, dyes have an adverse aesthetic effect because they are visible pollutants. Furthermore, the presence of colour decreases the efficiency of photosynthesis in aquatic plants and hence has an adverse effect on their growth by blocking the passage of light through the water. Hence, the removal of dye from strongly coloured Reactive dye wastewaters or effluents becomes environmentally important.
Reactive dyes are not easily removed by conventional biological treatment processes due to their non-biodegradability (Kim et al. 2004; Robinson et al. 2001) . Other approaches, such as flocculation, chemical oxidation, membrane separation and adsorption, have also been investigated as a means of treating Reactive dyes wastewater (Robinson et al. 2001) . Of these methods, adsorption has attracted increasing attention due to its efficiency and the use of relatively simple equipment. However, activated carbon has to be regenerated off-site with ca. 10% losses in the thermal regeneration process. Other tested adsorbents, such as throw-away materials like bagasse pith and clay, can only be used once and have to be disposed of afterwards (Karcher et al. 2001) . In recent years, due to their wide variations in porosity and surface chemistry, and especially their on-site regenerability and re-use for continuous processes, polymeric adsorbents have been increasingly used to remove and recover organic pollutants from waste streams (Li et al. 2002; Azanova and Hradil 1999) .
Although a number of reports may be found in the scientific literature concerning the treatment of aromatic compounds in wastewater by ion-exchange resins (Long et al. 2002) , there are still many limitations on their application. This is particularly so for wastewater with a strong acidity and a high salt concentration. Ion-exchange resins do not perform well in removing aromatic acids in these cases due to competition between the inorganic anions and the target adsorbates. Recently, chemically modified polymeric adsorbents containing functional groups have been synthesized and applied in the adsorption of dyes (Yu et al. 2004; Veverka and Jerabek 1999) . However, when a compound is readily soluble or when polar non-aqueous solvents are employed, the adsorption capacity of styrene resin decreases significantly (Pan et al. 2005; Li et al. 2004) .
The aim of the present study was to evaluate the effectiveness of a newly synthesized acrylic ester resin YWB-50 for the removal of the readily soluble adsorbate Reactive Brilliant Blue X-BR (abbreviated as X-BR in this paper) from wastewater. For comparison, the hypercrosslinked resin NDA-150 and ion-exchange resin D-301 were also used as adsorbents together with YWB-50. Parameters affecting the adsorption process were evaluated with the view that the data obtained would be useful as a guide to the development of an optimized polymeric adsorbent.
EXPERIMENTAL

Apparatus
Spectrophotometric measurements were carried out on a 722 UV-vis spectrophotometer (P. R. China) over the 350-620 nm spectral range using 1-cm matched glass cells. The pH measurements were conducted with a PHS-3C pH-meter using a combined glass electrode. Batch adsorption experiments were undertaken a model G25 incubator shaker (New Brunswick Scientific, U.S.A.). Specific surface area and porosity evaluations of the adsorbents were carried out via nitrogen adsorption measurements using a Micromeritics ASAP-2000 automatic surface area analysis instrument (Micromeritics Instrument Corp., Norcross, GA, U.S.A.).
Materials
The Reactive dye Brilliant Blue X-BR [(CI) Reactive Blue 4 (61205)] was obtained from a commercial source and used without further purification. Its structure is depicted in Figure 1 . The resin YWB-50 was synthesized in our laboratory (Yang et al. 2005a) . A hypercrosslinked polymer NDA-150 and a macroporous weakly basic exchanger resin, D-301, were kindly provided by the Jiangsu N & G Environmental Technology Co. Ltd. (Jiangsu Province, P. R. China). The resin was washed twice alternately with 4% aqueous HCl and 4% NaOH solutions and finally with distilled water. The resin beads thus obtained were extracted with ethanol in a Soxhlet apparatus for 8 h, and then dried under vacuum at 333 K for 8 h. The resultant beads (30-50 mesh size fraction) were used in the study. The chemicals employed were used without any further purification and all of the adsorbents were extracted with ethanol for 8 h and then dried for 8 h under vacuum at 333 K before use. The physiochemical properties of the resins used are listed in Table 1 . Other chemicals used, i.e. methanol, sodium hydroxide and sulphuric acid, were all of Analytical Reagent grade.
Kinetics and elution
To obtain kinetic data and determine the time necessary for the adsorption equilibrium of X-BR onto YWB-50, NDA-150 and D-301, 100 ml volumes of dye solution and 1.0 mol/l acid were introduced into a series of conical flasks of 150 ml volume. The initial concentration of X-BR was 1.420 mmol/l. The contents of these flasks were vigorously shaken with 0.100 g resin and samples withdrawn at different time intervals. The adsorption capacity was calculated using equation (1) below. Then 0.100 g of the resin containing the adsorbed dye X-BR was placed into 100 ml volumes of aqueous NaOH solution of various concentrations (m%) and shaken for 48 h at 303 K. The amounts of X-BR eluted were estimated by measuring the absorbance of the respective solutions spectrophotometrically at a wavelength of 590 nm.
Adsorption assay
The equilibrium experiments of resins were carried out at three different temperatures, i.e. 288 K, 303 K and 318 K, respectively. Thus, 0.100 g of a given resin was introduced into a series of 150-ml volume conical flasks containing 100 ml of an aqueous solution of X-BR. The acid concentration was maintained at 1 mol/l while the initial concentrations (C 0 ) of the dye-containing solutions were 0.568 mmol/l, 0.852 mmol/l, 1.136 mmol/l, 1.420 mmol/l, 1.705 mmol/l and 1.989 mmol/l, respectively. The flasks were completely sealed and placed in a model G25 incubator shaker (New Brunswick Scientific, U.S.A.) at a pre-set temperature and shaken at 130 rpm for 48 h which was considered sufficient to allow equilibrium to be attained. After this time, the concentration of dye remaining in solution was measured colorimetrically at 590 nm, the maximum absorbance wavelength of X-BR. The amount adsorbed q e (mmol/g) was calculated using the equation:
(1)
where V is the volume of solution (l), W is the weight of dry resin (g) and M is the molecular weight of X-BR.
The effect of pH on the adsorption process
To determine the relationship between the adsorption capacity and the acid concentration, adsorption experiments were conducted at 288 K using YWB-50 resin at various acid concentrations together with 100 ml volumes of X-BR solutions with initial concentrations of 1.420 mmol/l.
The effect of salt content on the adsorption process
The effect of salt content on the adsorption process was examined by adding appropriate volumes of 1.0 mol/l acid and 5% NaCl (m%) solutions to 100 ml volumes of X-BR solutions of 1.420 mmol/l initial concentration.
RESULTS AND DISCUSSION
Adsorption kinetics and elution
Figure 2(a) shows the kinetic curves for the adsorption of X-BR onto YWB-50, NDA-150 and D-301 resins at 288 K. It will be seen from the plots depicted that the amount of X-BR adsorbed Yang et al./Adsorption Science & Technology Vol. 24 No. 7 2006 Amount adsorbed (mmol/g) from aqueous solution onto the resins increased with time, with equilibrium being achieved within 48 h for all the resins. The respective adsorption rate constant, K ads , for the adsorption of X-BR by the three resins may be determined from the first-order expression:
( 2) where q e and q t are the amounts of water-soluble dye X-BR adsorbed at equilibrium and at time t, respectively. Figure 2(b) indicates the applicability of the above equation to the systems studied. The values of q e obtained from the intercepts of the plots depicted in Figure 2 (b) were virtually the same as those observed experimentally. The values of K ads were calculated from the slopes of the respective linear plots and are listed in Table 2 , together with the correlation coefficient (r) for the line fits. It can be seen from the data listed that the adsorption rate constant K ads differed for the three resins and followed the sequence: D-301 > YWB-50 > NDA-150. This difference may be attributed to the differences between the adsorption mechanisms towards X-BR exhibited by the three resins. Because chemical interaction is stronger than physical interaction, the time necessary for adsorption onto the anion-exchange resin D-301 should be the least for the three resins. In addition, since hydrogen-bonding is stronger than hydrophobic interaction, the time necessary for adsorption employing the acrylic ester resin YWB-50 should be less than that for the polymeric resin NDA-150 (Mardis and Glemza 1999; Mardis et al. 2000) .
The resins needed to be regenerated after the adsorption process, thereby allowing X-BR to be concentrated and recovered. Figure 3 shows the influence of the NaOH content of the eluting solution on the elution rate of X-BR from the three resins studied. Desorption from the YWB-50 resin was facilitated by a higher temperature (353 K), as has already been demonstrated in practical applications (Yang et al. 2005b) . This is due to hydrogen-bonding being the predominant mode of interaction between the acrylic ester polymer and X-BR, with the strength of such bonding diminishing at high temperatures. Another reason for the observed behaviour was the exothermic nature of the adsorption process which led to the adsorption capacities of the resins decreasing with increasing temperature (Figure 4 ). The elution rates for all three resins increased as the alkaline content of the eluting solution increased. In particular, it should be noted that the elution rate of X-BR from YWB-50 resin was more than 80% when eluting solutions containing 1% NaOH were employed, whereas the elution rates from the other two resins were less than 20% under the same conditions. 
Adsorption isotherm
The adsorption isotherms for X-BR depicted in Figure 4 indicate that the adsorption capacities towards X-BR on all three resins at 288 K followed the order: YWB-50 > D-301 > NDA-150. Although the resin NDA-150 exhibited the greatest surface area of the three resins, it exhibited the lowest adsorption capacity towards X-BR. Furthermore, with increasing temperature, the adsorption capacities of the YWB-50 and NDA-150 resins decreased whilst that of D-301 increased.
Of the many theories advanced to explain adsorption phenomena, those of Langmuir and Freundlich have been most widely used to fit experimental data. The corresponding isotherm equations associated with these theories may be written (Özacar 2003) as:
Langmuir model:
(3)
Freundlich model:
where q e is the equilibrium adsorption capacity (mmol/g), C e is the equilibrium concentration (mmol/g), q m is the maximum surface coverage (formation of a monolayer) of the adsorbent (mmol/g), K L is the Langmuir adsorption constant, K F is the Freundlich adsorption constant which is an index of the adsorption capacity, while the magnitude of n provides an indication of the favourability of a particular adsorbent/adsorbate system. The constants evaluated via both equations are listed in Table 3 . It can be seen from Figure 4 that the adsorption isotherms for the acrylic ester resin YWB-50 could be well fitted by the Langmuir equation since the magnitude of the correlation coefficient, r 2 , was greater than 0.997 at all three temperatures studied. In contrast, the Freundlich equation provided a better fit for the adsorption isotherms for the other two kinds of resin. Thus, for resin YWB-50, application of the Langmuir equation gave values of K L --representing the adsorption strength of the resin --which decreased with increasing temperature, in agreement with a physical adsorption mechanism involving hydrogen-bond interaction. In addition, the values of q m representing the maximum surface coverage were similar at all three temperatures. With respect to the Freundlich equation, the data obtained indicate that the values of n were all greater than unity, indicating a favourable adsorption isotherm. The values of K F for the YWB-50 and NDA-150 resins decreased with increasing temperature whereas those for D-301 increased, this change in the trend for the K F values suggesting the operation of a different adsorption mechanism (chemical adsorption) for D-301 in comparison to physical adsorption for the other two resins studied. The reason for this difference in the adsorption behaviours towards X-BR of the three resins is complex. In general, adsorption involves the accumulation of molecules from a solution onto the exterior and interior surface of an adsorbent. This phenomenon is a reflection of the operation of various interaction forces such as hydrophobic, electrostatic attraction, etc. The physical properties of the resin (surface area, pore radius, pore distribution and porosity) and the chemical characteristics of the solution can also play an important role in determining the equilibrium adsorption states (Koz'lecki et al. 1997) . The different adsorption characteristics exhibited by the three types of resin studied may be ascribed to differences in the interactions between the adsorbate and adsorbent. The oxygen-modified polystyrene resin NDA-150 is strongly hydrophobic because of its hydrocarbon structure. Hence, hydrophobic forces are normally predominant when molecules are adsorbed from an aqueous phase onto this adsorbent. With the acrylic ester resin NDA-150, the carbonyl and acetyl groups on the adsorbent provide sites which allow interaction with the adsorbate groups via hydrogen-bonding. Thus, in this case, a combination of electrostatic attraction and hydrogen-bonding may predominate in the adsorption of X-BR onto the surface of this resin. Consequently, although the specific surface area of NDA-150 was larger than that of polymethacrylate resin YWB-50, lower amounts of X-BR were adsorbed onto it. Moreover, the equilibrium adsorption capacities of X-BR onto YWB-50 and NDA-150 all decreased with increasing temperature which is characteristic of physical adsorption. With D-301, which is a macroporous weakly basic exchange resin, interaction between the adsorbate and adsorbent was mainly via ion exchange involving functional groups. Thus, the adsorption capacity towards X-BR onto resin D-301 decreased with increasing temperature.
Isosteric enthalpies for X-BR adsorption
The isosteric adsorption enthalpy change can be readily calculated using a derivative Van't Hoff equation (Garcia-Delgado et al. 1992): (5) where ∆H is the isosteric enthalpy of adsorption, R is the gas constant [8.314 kJ/(mol K)], T is the absolute temperature (K) and K 0 is a constant. The value of ∆H may be obtained from the slope of the linear plot of ln C e versus 1/T, as shown in Figure 5 . The calculated isosteric adsorption enthalpy changes for X-BR onto YWB-50, NDA-150 and D-301 are listed in Table 4 . It will be seen from this table that the isosteric adsorption enthalpy changes of YWB-50 and NDA-150 resins were negative, their magnitudes (< 43 kJ/mol) indicating that the adsorption of X-BR onto the two resins was physical (Huang and Cheng 1997) . However, for the anion-exchange resin D-301, the isosteric adsorption enthalpy change was positive indicating that the process was chemical in nature. Figure 6 depicts the results obtained in this case. Increasing the acidity of an X-BR solution from a value < 1.0 mol/l, led to a dramatic increase in the adsorption capacity of YMB-50 resin towards this dye. This might be ascribed to hydrogen-bond formation which leads to a more favourable situation for the adsorption of uncharged X-BR molecules (Pan et al. 2002; Crittenden et al. 1999) . For a macroporous weakly basic exchange resin such as D-301, decreasing pH leads to an increase in the degree of protonation of the groups associated with the resin as well as suppression of the ionization of the solute. This, in turn, leads to an increase in the fraction of uncharged X-BR molecules in solution and promotion of the corresponding adsorption process. In contrast, NDA-150 possesses a hypercrosslinked polymeric structure where adsorption is mainly dominated by interaction between the aromatic rings of the solute molecule and the resin matrix. Since ionization of the adsorbate is inhibited at low pH values, adsorption would be promoted in this case by an increase in hydrophobic interaction. A hydrogen ion concentration in the system greater than 1.0 mol/l led to congregation and deposition of X-BR molecules. Hence, all the adsorption experiments described in this word were conducted at an acid concentration of 1 mol/l. Figure 7 . Plots of the equilibrium capacity, q e (mmol/g), versus the equilibrium concentration, C e (mmol/l), for the adsorption of X-BR dye at 288 K from aqueous solution in the absence and presence of added NaCl. The data points depicted correspond to the following: in part (a): , YWB-50 in the absence of NaCl; ᭹, YWB-50 in the presence of added NaCl; ᭡, ND-150 in the absence of NaCl; ᭢, ND-150 in the presence of added NaCl; in part (b): , D-301 in the absence of NaCl; ᭹, D-301 in the presence of added NaCl.
The effect of salt content on the adsorption process
is particularly important when the selectivity of the resin towards the solute molecule is equal to or even less than that towards the Clanion; under these circumstances, the effect of added salt becomes quite serious. As a consequence, increasing salt concentration led to a noticeable decrease in the adsorption capacity of the macroporous anion-exchange resin D-301 towards X-BR (see Figure 7 ). However, in adsorption systems which do not involve ion-exchange interactions, the presence of an inorganic salt hardly affects the adsorption process. This explains why the resins YWB-50 and NDA-150 exhibit superior adsorption properties towards X-BR even at quite high added salt concentrations (see Figure 7) .
CONCLUSIONS
Three kinds of resin were investigated for the adsorption of the water-soluble Reactive dye X-BR from aqueous solution. The studies showed that the interaction between NDA-150 resin and X-BR was principally hydrophobic in nature, while electrostatic and hydrogen-bond interactions played a significant role in the interaction between YWB-50 resin and X-BR. For the macroporous weakly basic exchange resin D-301, interaction between the adsorbate and adsorbent was mainly via ion exchange involving functional groups. Resin YWB-50 exhibited a better tolerance towards pH and salt addition in its adsorption behaviour than the other two resins examined. In addition, the use of 1% NaOH solution as an elution solution effected greater than 80% removal of adsorbed X-BR dye molecules from YWB-50 resin, while the elution of X-BR from the other two resins was less than 20% under the same conditions. Hence, these superior properties could make YWB-50 a useful polymeric adsorbent for use in the treatment of industrial wastewater under high acid and salt concentration conditions.
